N EARLY three hundred years ago (1669) in his book Tractus de Corde, Richard Lower offered the first detailed description of the muscular anatomy of the ventricle.l* His drawings show separate overlapping layers, rather like the layers of an onion, each layer consisting of differently directed muscle fibers. Since his day, many anatomists, perhaps most definitively Mall,3 have repeated his dissections and have altered his schemata only in details. As a result, today the illustrations of ventricular myocardial architecture in all anatomy textbooks are essentially elaborations of Lower's original drawings. Yet, for generations, medical students (and more recently cardiac surgeons) have compared with dismay the textbook illustrations of the heart with the organ they hold in their hands, for no such layers are to be seen. It is ironic that Lower, who did so much in his day to liberate medicine from medieval dogma, should himself be the origin of a dogma for later generations.
The reason why the Lower schemata fail to be accurate or useful is related to the fact that the only conceptual tool available to him in his day was plane geometry. As he expressed in his Tractus, ".according to Geometry's laws, the straight line is the guide to the *Vesalius had pointed out more than a hundred years earlier that the ventricles consisted of separate fibers which, he believed, united at the apex. The most recent exposition of the classic approach to left ventricular anatomy is that of Puff,2 which contains also an historical review of the subject.
Circulation, Volume XXXIl, August 1965 oblique. Similarly, the common standard of the straight muscle is the best approach to the study of the circular fabric of the heart." But plane geometry is inadequate for a three-dimensional network problem, which is what left ventricular myocardium poses. The ventricular myocardium is a syncytium, and a given fiber segment has branching connections with other fiber segments in several different directions. Lower, and the anatomists after him, followed only one of these directions in order to create the planes they sought. Statistical study of the branching predilections must be added to geometry for an accurate picture of myocardial architecture.
The problem is illustrated in figure 1 , where the branching predilection in the left ventricle is shown to depend upon, among other things, the size of population of epicardial fibers one studies.* On the left, relatively small populations of fibers have been peeled, exposing a branching arrangement which forms shelving overlappings winding in a tight, clockwise, helical course toward the *The method used for preparing the hearts for dissection was essentially the same as that of Lower and Mall. The undissected heart is soaked in nearly boiling, slightly acidified water for an hour to dissolve the fat and soften the collagen; after removal of the connective tissue structures, the tensile strength of the myocardium is restored by passing the heart through increasing concentrations of alcohol. Some of the more modern tanning chemicals may prove to be better for this latter purpose. Dog hearts were used for most of the dissections because of the unavailability of undissected human material. However, from a limited study of the human heart, the findings reported here appear, in general, to obtain also in man.
30GRANT

Figure 1
Differernt p)athayJs of (lifferent poJ)nlatiolls of epicardial filhns int the dog lcft vetiricle. Left, peeling relatively smtiall popilatiotns of fiber-s disclosedi a tighlilty lelical, rallier hoiz-ontal la ye;itg. Middle, peeling a larger popailation prodneccs a looser1 hiclix l contisiogi to the apcx. r-Itachings which extendl superiorly have beere left intact. Rlight, a popnlatimn liais bcen follon ed which7 resenmbles thlat de.scuibed classically byl Lotcwer, Miall, anid othlers. It steeacps to the aj)ex, sllehec it invaginates to course int an opposite helix initernallyt along the intcrveotricidar septiln, to return to the blase of the hleart. In all three specimenis the h1eait is bietecle atteriodly, eitlh the right vetrt1iclc on the right. apex. In the m-nidd(le dissectioni, a larger polpuilatiorn of fibers has been followed, starting from the same epicardial region. A similar clockwise helical path is produced; but it is a much looser helix, reaching the apex in two or three tiurnis. Finally, in the dissection on the right, a still larger population xas folloxved xvhich reaches the apex in a single turn. (In this (lissection, one of the Lower-Mall "bundles" was dissected; a directioni of branchinig vas deliberately folloved wxnich reaches the apex in one turn, vhere it invaginates, and courses helically nxpward along the left side of the septuim to ilsert into the AV ring.) These dissections show that x\hile the epicardial left ventricular fibers follox a predominan-itly helical course, elockxvise fr-om basc to apex, even-wxittlinl this arrangenienIt there are differenit branching preval ences.
Of course, in preparinc the specimens, moost branchings xxith directions markedly differeit from that being folloved xxere siunidered. A major alternative branching direction wxhen one peels clockwise, wxell shown in the middle dissectioni, runs stiperiorly. It belongs to a lhelical conti hull in xuxith a directioni genierally opposite to that of the helix juist described. From the point of viexx of l)ase-to-apex pathway, it xxin(ls counterclockwise instead of clockwise. The elockwxise helix predomninates among ouiter lavycrs, wbile the c osmltrclockwise helix prcdomina-ates in internal layers. Hoxxever, the tx\xo are completely contiiiuouis with each other, and the tran.sition of predomiaiicace from-n onie to aniothier is graduial fromil epicarditun to eidocarditiumi. Superiorly directed lranchigs, belonging to the couiterelockxxwise helix, xvxrc also evident in the first diss;ectio:, but the helix is too tighit for thiei to l)e apparent in the photograph. For the third dissec tion, all bratichin-igs irrelevantt to creatil-ng the Lowver-NMall. bundle were severed. Ilowever, the lilln) Nxi1c swVee1ps (lON\Xi to thlec apex canl be said to re(pr-e,sent a path in tlec outer heli'cal system, xxbile that cotursinig Iaek fromil atpe'x to base of the AV rinig represenlts a path ini the innl-ecr, counterclocCk\xxisc systemi,i. Thiis xwas ccrtainlyN the IImost difficuiltand the 1m1ost artificial-of the three dissections.
In prol)lems involving statistical variables, ARCHITECTURE OF LjEFT VENTRICLE onte approach is to construct models for different (legrees of generalization of the, problemn. No single modecl give.s the whole story, l)lut together they lrovicle a schema. For exam-ple, Cat one extrenie in generalization, o0e c-an describe over-all arranigem-ient of all fibers, fully realizinig it is only a predominant orientation. Then, at the other extreme, one can describe the average branchin3g orientation of a typical, single myocardial unit. Betwveen these twxo lie many other models of the syncytilLm, showing regional or tranisitionial branching prevalences. A broad, over-all schema has already been ouitlined, and one c'aIn say that the left ventricle is clharacterized by an oulter clockNvise helical system and an inner, counterclockwise helical system, wlven vicwed base-to-apex. Tbis is diagrammed in figuire 2, wxhich also demonstrates that the twxo lhelices are continuiouis longitudinally (better shown in the smaller diagramn at the right, where the ou-ter layer of the] heblix lhas been topologically everted). The tx\ o helices are also continuouLs vitlh each other laterally. This is not shown in this diagram, for it belongs to other schemata, other generalizations. Also overlooked are the specialized branehings at F i u r e 2 Sl/chc,ma ofi a piJ'cdo11iiRlaitt-, ovc2i--all 1)atwal y of fibct-cotltit71tlity il lc/tt tit lf vitri-ulrlt s'yncy'Ttium-It fll OZItvS a roillyrll-360-dcgJrce clckiv^/;tise paCth iit thtc epicardiazl /laycrs. frotit tlle base to th1t1BeX aw, ld antotlhcr cloc>ktwisc p?ath of rowl,hXly 360 dc-recs irg t;lCe ittlner laycrfs of theC vcn-triclc, back fro'thet ap*ex to tZle base. Right, a topological eversioti of th1e outver Il(ycrs of tlhe lczft v;entrticle i.s clrawrl to demioiistrate the fiber ontfinout y lonlgituxdinlallys bctw.(,cn the ftwo hSelical pJathwalys. Lalteral coritinuity al,so cxristls bit is not .slowJiin the scheiti.
Figure 3
Schiemrla of tire fibe -to-fiber relatiotnship wvhich apjpears to obtaitn typically int the left venitriele. While thle "fibers" are parallel, byl tieir iranttelhinigs thecy fornr "planes" wbiclh appear to r'otafte. particuilar regions of the left ventricle (for example, the vortex at the left ventricular apex, the right-angle branchings at the bases of the papillary muscles, the interdigitating of right anti left ventricular miuscle, etc. Excellent photographs of somile of these regionial variations have been published by Puff2). Finally, it does not shoxv asynmetries and variations in the helices themselves. For example, as can1 be seen in the middle dissection, in geineral the ininer lhelix is steeper in the septum than in the free wvall of the left ventricle. Reduction of the syncytium to two helices is indeed a generalization.
At the other extreme in generalizing-the behavior of an individuial unit-one also finds a helical orientation. That is, the left ventricular fibers have a txvisting relationship to one another. Low er recognized tlhis, for, while he xvxas strongly temipted to describe they fibers of the heart as extending from base to apex like threads, and lhoped that followixig an individual fiber miglht be like unrolling a strand from a ball of string, hie pointed out that this did not take place and that, instead, the fibers, "ihaving gone a little wvay, seem-l to txvist under the preceding fibers and are at once lost from view." The fiber-to-fiber txwist is fouind through-(:34 RANT Figure 4 T'lhe fibir-to-fibher hleticail p)cldhi of left rentricdalar fibecrs. A lon-ittodinal vedg,e of the left ven'tricle i,s .shown, and(i fiber-by-fiber pceling wvas cone to showv lotv wiclespi-eal the hceliccdl relctionship is. The cental slice tcas r'ecInouel( to in puroe visicldization' otn photogiraphy. The cialigracmi cit the tigt/1 indcicatces fibhci dir-ection atndi the relation of the (cinacilrcmnt to tltec left ventricil as a whoice out the left ventriele anid appaers to be ini a elockxw ise sense, viexxNeld distally. Oine possible xxay in which fibers xxhichi appear to be parallel cani, at the same:e time, form-ii planes of fibers whiclh appear-to twist, is shovxxn in figrie 3. The prevalence of fiber-tofiber helical behavior is also evident from the dissection in fignire 4. The interesting feature, of this disscctioin is that, on peeling individual strands, the directioni of txwist appears to be opposite dcepindiig upui. Nxhether one peels the strand clockxvise or counterclockwise.
In suimmary, the myocar dial syncytium has, as onie of its architectural properties, many "genierationis" of txxist, from a fiber-tofiber txxist to ain over-all, general helical path of external aind internal masses of fibers. In a limited sense, this is analogouis to the struicttire of a large ope or haxser. A havscr consists of several ropes twisted helically arouniid each other; each1 of these ro)pes, ill tturni, conlsists of smaller ropes twisted helically about each other, etc., doxvn to the individuial stranids of hemp vhich are also twisted about each other. Bu-t there is an important diffe-ence letxeen the "generations" of txist in a hlaxser and those in a sectioni of myocar-dium11. In. the haxxser, each "generation" can be separated and isolated from1i the others; in the( nmyocar(linm there is a smooth svncvtial coin-timuity l)etxx e l the smallest to the grossest "generation." It is little wonder that someO hizarre and complex arranigements of muscle bhundles" hlave beeni dissected from the siubstance of the myocardiuim by anatomists in the conscientiouis belief that they were identifyinig separate aniatomic uiniits.
The ainalogy to a rope has certain interestinig physiologic implications. The reason why rope is constrticte(I of txisting componenits (whicbh meanis, it shouild be nioted, that the effective lenigth of the inidividuial strands is shortened, inicreasing the cost of rope), is that this designi distributes tenision equally among all strancds. \Vhile equtialization-i of tensioni is probably iot ani imnportant natural-selectioni reason why the left ventricular syncytium is helical, n1o doubt stich an arehitecture does equialize the distribution of its systolic anid diastolic tenisions. Buit one of the costs of the txxisted struictuire of rope is that this greatly inlcreases the frictional lheat it develops wbhen tauit. little is knoxx n about the frictionial coniseqtuences of myocardial contractioni, blut uindoubtecdly some of the energy of contractioni is dissipated throuigh frictioni. Inideed, it has bcen suiggested that onle of theb xays in whichl digitalis im-proves mayocardial contraction is by, in effect, redlulcing myocardial frictionial resistanice on1 cointractioni. BecauLse of considerations suich as these, the most important feature of left ventricuilar architecture to the physiologist may xexl be the helical design of its svncvtium.
A complex helical array is, then, the model of the left venitricuilar architecture xvhich emerges from combining the two extremnes of statistical genieralization. But between these two viexxs, one, of the myocardiuim as a whole, the other the myocardiumn as represented by single fiber uinits, se.veral otlher initermediary and specialized models are possible. The question arises if, amnonig them, there is prefereintial branching to be found xvhich might permit onie to speak, if only loosely, of separate "muscle bundles" of the type Loxver anid his folloxxers described. This cani only he ansx\vered after detailed stuidy is done of the statistical prevalence of different brancl-(irculasion. Volume XXXII, August 196.5 30}4 ARCHITECTURE OF LEFT VENTRICLE ings at various parts of the heart. I suspect that there are regional differences in the prevalence of branchings of particular types. However, as far as human and canine myocardium is concerned, I doubt if the regional prevalence will prove to be statistically sufficiently predominant and independent of the rest of the syncytium to warrant treating them as anatomically separate "bundles," much less as physiologically separate "bundles." I am especially skeptical that the longer "bundles," those which are described as sweeping down one wall, invaginating at the apex and coursing up the inner wall, shall ever be shown to be relatively independent, coherent anatomic units. My skepticism is heightened by their implausibility from an embryologic point of view, which we shall now turn to. How did the helical pattern of the left ventricular syncytium come about and, more particularly, why do the outer layers follow a generally different path from the inner layers? The first question may not be a difficult one when considered in its generality. Myocardium grows by incomplete lateral splitting of fibers, with the "split" several times longer than the diameter of the father fiber. By this mechanism, unless other factors intervene, myocardial growth is characterized by increasing numbers of fiber units which are more or less parallel with each other, joined into a continuum by extremely acuteangle branchings. The branchings are so acuteangled, indeed, that it is impossible to say which is "fiber" and which "branch." This type of growth would inevitably result in a matrix where fibers appear parallel yet, at the same time, intricately embrace each other.
But the network one discovers on dissection is not random in its branchings. Indeed, as has been shown, it is so systematic that an over-all, generally helical pattern can be discerned. This must mean that certain directions of branchings become thicker with growth than others, establishing systematic pathways of principal fiber continuity. One way this might come about is related to the fact, well known from studies of experimental hypertrophy, that the thickness of a fiber is Circulation, Volume XXXII, August 1965 a function of the amount of tension it experiences. From this principle one might suggest that, during growth, those fibers (and branchings) which are more parallel with the mechanical vector generated in the left ventricular wall during systole, become thicker than others. They reach a critical diameter and then split in parallel, thus establishing the preferential paths of fiber continuity which are observed. It appears to be the obliquely directed fibers and branchings which undergo this preferential thickening, giving left ventricular fiber continuity a relatively systematic helical course.*
The explanation for the difference between the direction of the outer and inner helices may be embryologic, related to the change in the function of the left ventricle between the time when fibers develop in the epicardial layers and when they appear in more endocardial regions. In earliest fetal stages of development, the ventricular wall consists of densely trabeculated, sponge-like myoblastic tissue. The first region where the myoblasts differentiate into striated fibers is in the outermost, epicardial layers of the left ventricle.5 These first fibers have an obliquely horizontal lie similar to that in the adult heart shown in the upper dissection of figure 1 . At this stage of heart development, the four chambers are in tandem, with the left ventricle empty-*It is always xvise to start with a simple theory, fully expecting it to prove inadequate with further knowledge. This is certainly true of efforts to explain myocardial architecture. For example, while it is generally true that myocardial growth produces generations of relatively parallel fibers, we have a striking exception to this in the outflow tract of the right ventricle. In this low-pressure region of simple cylindrical design, there is an amazingly complex collection of differently directed muscle "bundles." Rightangle branchings are common, and fiber groups in markedly different directions directly overlie each other with few transitional forms.4 To be sure, it is well krown that the outflow tract of the right ventricle is embryologically, phylogenetically, and functionally qu.te different from the remainder of the ventricular myocardium, and it no doubt follows different growth imperatives. Nevertheless, its unexplained complexity should urge caution for any simple theory of the development of cardiac architecture.
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ilg laterally into the riglht ventricle throuigh the interventricular canal. Thuis, the first fibers to develop have a lie xhich is relatively parallel withl the path of ejection of the left ve.ntricle. This is also the milost efficient lic from the mechanical point of viexv. Many years ago, Weiss"' showed that when rh]ythmic mechanical tension is applied to a colony of undifferentiated fibroblasts, the collagen fibers are laid down parallel with the direction of the tension. Ancd Weibel has found that the smooth miuscle of a vein can be caused to proliferate parallel wx ith the direction of an imposed rhythmic mechanical tension. Siinilar experiments 1have not yet been done with myvblCastic tissue. Nevertheless it is interesting that the lie of the earliest myocardial fibers is consistenIt with this principle.
B3y the time the inner regions of the left venitricle first begini to develop a fiber architectuire, the left ventricle has changed considerably. It is milch larger; the interventricular caiail is a relatively small apertuire in the upper region of the sept.uc m; ancd the aorta is l)ecoming the prinicipal pathw7ay of ejectioin. WVith tile change in direction of ejection, it is not suirprising that the e(idocardial myoblastic tissuie gives rise to fibers wvith a quiite differeilt direction from that of the epicardial fibers. Furthermore, since the chiange in f[iuctioni is a gradual on-e, one might expect the architectiure to be r-ichi xvith transitional and modified fiber 1)atterns.
An especially intecresting l)art of the left ventricle is its aIpCx. Hlere the ventrictilar fibers form a vortex of elegantly siiimple anti symmetric design, as shoxn in figulre 5. The simple, syammetric design r-ecalls one of d'Arcy Thomi-.pson's8 injunctions: morphology of anl organ shoui-ld be, seen as a graph; just as, for a graph, the fewer-ciaind the more constan-it an(d equal thel variablics the more symmle.tric B)B (lefinitioni, at vortex shiouild Na\e a sing1( milvilicls. As cani be seen in tlhe figuire, the apex of the left ventriele has twro u1lm)ilici, about 4 inm. apart, ws hich become a sinigle vortex barely t(vso or three fiher layers beneath the epicardIiuiirn. Thle right ventricle has its own vortex, consistinig of a sinigle uimliliculs. the, graph, so in growd t, thet few er and miore constant thlew external factors influiencinca cell muliltiplicationi, the more symmietric the organ.
The symmetry of the apex of thie left ventricle illu.strate>.s tlhis, for the most important external variable influciniO-g m-lyocardial growth is the mechanical ten.-ision-t of contraLiction. flowexver, b)ecauise of the hemiiovoid shape. of the left ventricle, the mechanical te.nsion of contraction is least at the apex, as has l)een frequXently pointed out by others. This niot only explains the simplicity of the apical a-irchitectiure but also why the apex is so thin, being but a fraction of the thickness of the lateral w ails of the vcntricle.
Fu-rthermirec, the apex is probably thic oldest part of thie left xentrieular m-iiscle emibry,'ologically. Trii.s follow-s fr-om-, the fact that ili k-"Igeneral, in-1a sviy>tial tisstue -whiclh grows b)y fissioln of its dellements, its incre se ill illass \\,ill be logarithmlicallvy greater at the periphcry (jiust as b)ranclincgs of tree are logaritlimically more nutmerouis peripherallv). For the left ven-trictilar myocardiurmn its "periplhery" is the base of the ventricle, annd this is where the Circulation, Volume XXXII, August 1965 30)6 ARCHITECTURE OF LEFT VENTRICLE increase of mass of the ventricle during growth principally takes place. The apex, on the other hand, is the region where least fission has taken place.
The umbilication at the apex is the expression of the difference in direction of the two helical systems, the inner and outer. This is demonstrated by the earlier topological diagram, in figure 2. In d'Arcy Thompson's terms, the umbilication is, as it were, the "point of inflection" between the two helical graphs.
In schematizing the left ventricular architecture, the tendency, here as elsewhere, is always to oversimplify it. The syncytium is replete with regional and local variations and deformations which depart from over-all, generalized patterns. For example, rightangle and tri-cornuate branchings are encountered at the base of the heart and especially in the region of the membranaceous septum where fiber coupling is especially complex. They are also seen where the free wall of right ventricle interdigitates with the left ventricle. Another regional variation in the left ventricle which may be of considerable physiological importance, yet is infrequently noted in textbooks, is illustrated in figure 6 . The left ventricular syncytium has two prominent columns parallel with the long axis of the ventricle, each inserting into one of the two fibrous trigones of the left ventricular AV ring. The vast majority of endocardial fibers finally, directly or indirectly, inserts into one or the other of these trigones. But the substance of the two vertical columns whieh the trigones subtend is actually formed by prominent right-angle branchings from both helical systems, all along the length of the left ventricle, as shown in the figure. The two columns are quite separate from the two papillary muscles; their physiological importance and embryologic origin are quite unknown.
Conclusions
The search for an accurate and detailed picture of the muscular architecture of the left ventricle is by no means a trivial goal.
Circulation, Volume XXXII, August 1965 Cardiac physiologists now describe cardiac energetics in terms of fiber length and unitfiber shortening; for this they must have an accurate model of fiber orientation. A decade or so ago, some thundering errors were committed in the study of the spread of excitation through the heart as a result of too literal acceptance of the Lower-Mall schema. And today, there are a number of problems in cardiology which demand an adequate model of ventricular architecture for their solution; for example, the morphologic explanation of subaortic muscular hypertrophy; the consequences upon myocardial contraction of the muscular defects in congenital heart diseases such as ventricular septal defect; the morphogenesis of ventricular hypertrophy, etc.
Statistical methods must be added to those of geometry for developing a picture of left ventricular architecture. Any single schema offers only one dimension of the problem, one degree of generalizing. This, perhaps, is the main defect of the Lower-Mall schema, for it overlooks the fact that the human myocardium is, before anything else, a syncytium.
The present study has endeavored to approach the problem from the two extremes of generalization-the fiber arrangement as seen in the heart as a whole, and the fiber arrangement of one fiber to another. Statistically established models between these two extremes of generalization are needed for a complete picture of left ventricular architecture. Conjectures are offered to explain the over-all helical design of the left ventricular syncytium, the simple geometry of its apical vortex, the difference in general fiber orientation of internal versus external fibers, etc. Perhaps the most striking feature of these conjectures is how easily they (and others) can be tested by quite simple technics of experimental cardiac embryology, a field which is quite undeveloped and holds great promise for answering important questions in clinical cardiology.
